This summary examines some of the known and hypothesized roles of metallothionein and related proteins in mediating the metal metabolism and toxicity from a chemical perspective. It attempts to examine in kinetic terms how such molecules may exert homeostatic control over the intracellular bioavailability of metal ions to essential enzymatic or other molecular systems. The concept of ongoing competition between metallothionein and related proteins with other intracellular metal-binding sites for various metals is also examined in relation to the thermodynamic stability of these proteins. Comparisons between mammalian metallothionein and analogous nonmammalian proteins demonstrate both similarities and great differences in types of metal-binding sites, metal-binding constants, amino acid composition, and secondary structures such that apparent diversity of these low molecular weight metal-binding molecules in nature appears to be growing ever wider. The potential value ofthese data rests both in delineating new hypotheses for metallothionein evolution and in suggesting new model systems for discovering the normal function of metallothionein and related proteins in cells.
Introduction
It has been 27 years since Margoshes and Vallee isolated a cadmium-binding protein which they called metallothionein (1) . In the intervening period this protein has become a major subject for study by metalloprotein chemists, toxicologists, molecular biologists, and others; yet the functions of metallothionein in the metabolism of normal and toxic metals are still formidable problems. The preceding papers of this symposium suggest that once one moves beyond mammals to other classes of living systems, there is a large diversity of cadmium-binding proteins. Thus, although the perspective developed in this paper on the function of nonmammalian metal-binding proteins in essential metal metabolism and cadmium toxicity draws its roots from studies of metallothionein, it now appears that each of these nonmammalian systems must be examined individually without assuming that the metal-binding proteins closely resemble metallothionein in structure or chemistry.
The approach of this paper will be to provide a conceptual picture of possible mechanisms of Cd toxicity based on studies of mammalian metallothionein and to weave in aspects ofthe previous papers ofthis symposium which relate to function and toxicity of the nonmammal- ian metal-binding protein. This information was taken directly from oral presentations and is accurate in overall character and hopefully in detail. However, the reader is directed to the specific papers for firsthand information.
Metal Toxicity as a Conceptual Problem
The chemistry and biochemistry of metal toxicity may conveniently be divided into three subjects according to Figure 1 : extracellular speciation, uptake, and intracellular reactions. Outside the organism or cell, toxic met Figure  2 . This model is based on numerous studies and refers to events primarily in liver and secondarily in other tissues in which metallothionein may be induced, such as kidney. Cadmium enters the cell and is initially distributed among a number of sites, CdLj (6) . By an unknown mechanism the metal induces the de novo synthesis of mRNA for Mt-protein, which then leads to the synthesis of apometallothionein (7) . Cadmium binds to metallothionein with an average log apparent stability constant of 15 at pH 7.4 and 25°C (8) Non-Mt Cd exists (E CdL) and con be toxic. j -How non-Mt Cd Produces toxicity is unknown.
-According to this model, chronic, low-level exposure should not produce toxicity because (1) and (2) would not occur, unless Mt is not induced bY Cd.
FIGURE 2. The metabolism of cadmium in cells: relationship to toxicity There are two shortcomings of this model. First, the mechanism by which non-Mt Cd causes toxicity is not known. Second, the model does not offer a mechanism by which chronic, low level toxicity may occur, for during such exposure neither condition occurs. There are documented effects of low concentrations of cadmium on liver, pancreas, fetus, neonate, and lung (11) (12) (13) (14) . In addition, it is noted that Figure 2 applies only to tissues such as liver and kidney which accumulate Cd. How Cd affects other tissues which are exposed to relatively minute levels, such as heart and lung, is not considered.
Two hypotheses to explain chronic toxicity of cadmium are variants of the mechanism in Figure 2 . In one model, significant non-Mt-bound cadmium can exist in tissues even when relatively little of the metal enters the tissue. I uis could be because the tissue has a threshold to the induction of Mt-protein which is not reached and below which cadmium distributes itself among other sites after binding to basal metallothionein. Alternately, non-Mt Cd might coexist with induced levels of Cd, Zn-Mt, even though these levels are less than concentrations of protein needed to meet the condition in Figure 2 
Models for Cadmium Exposure in Nonmammalian Systems
Acute and chronic exposures involving large and small concentrations of cadmium represent different, important and real toxicological situations in both mammalian and nonmammalian systems. The reports of this meeting focused on the observation and characterization of metalbinding proteins (BP) which bind cadmium and other toxic metals (e.g., Hg, Cu). With some exceptions these papers did not indicate the toxic responses of the organisms to the exposure. Table 1 lists some of the approximate levels of metals to which organisms were exposed. Concentrations of metals in the exposure media ranged from 1 to 3000 ,uM Cd. Copper and mercury were also used as toxic metals.
In general, experimental conditions were chosen that elicited the formation of CdBPs. Large concentrations of metal were used relative to environmental levels (except in highly contaminated areas). Future studies will need to determine whether such proteins are made after lower levels of treatment with these metals. In each organism, discrete, low molecular weight metal-binding proteins were found after metal exposure. There was a general tacit assumption that these metal-binding proteins behave like mammalian metallothionein and probably protect the organism from metal toxicity. However, as discussed below, such an identification may not be warranted; nor is it clear that the binding of metal to BPs is a protective not a deleterious event.
The exposure regimens led not only to the binding of Cd to BP but in many cases to the distribution of Cd among other sites as well. One has the impression from a summary of distribution data ( Table 2) that there is much more non-Mt bound Cd in a number of the nonmammalian organisms than found in rat liver or kidney (15, 16) . If so, one needs to reconsider the applicability of Figure 2 and its analysis as a basis for understanding cadmium toxicity
Role of Zn(Cu)-Mt in Cells
Beyond the two hypotheses described above to account for the chronic, low level toxicity of cadmium, a third possibility will be explored in this paper, namely, that the binding of cadmium to basal metallothionein normally present in cells may produce toxicity (2) . This suggestion arises out of a recognition that at least low levels of Mt exist in most mammalian tissues apart from any exposure of the organism to cadmium (17 Ehrlich cells injected into zinc-depleted mice (23, 24) . A related experiment with Ehrlich cell supernatant shows that when apocarbonic anhydrase is added to it, the only source of zinc to reconstitute active zinc carbonic anhydrase is metallothionein, again pointing to the unique metabolic reactivity of Zn in metallothionein (24) . Figure 4 diagrams a model of the role for Zn-Mt in cells in which the protein acts as an active donor of Zn to other sites in cells. If this is correct and the availability of Mt-Zn is not limited by the biodegradation rate of Mt (step k3), then one will see metallothionein-zinc turn over faster than the protein in metabolic demand situations. This hypothesis was tested in Ehrlich cells labeled with 35S-cysteine, which were placed in a zinc-deficient culture medium (25) . Zinc is lost from Zn-Mt to other parts of the cell with a half time of 2 hrs. The protein turns over with a t½ = 6-9 hr. Thus, in Ehrlich cells these results suggest that reaction (3) is occurring and that metallothionein is a chemically reactive donor of zinc to other cellular sites. Alternatively, the dissociation of zinc from Zn-Mt (step k2) may be rate-limiting. However, this reaction is thought to be too slow to account for the observed kinetics of loss of Zn from Zn-Mt. If sustained by further studies, these experiments will link Zn-Mt for the first time directly to other cellular constituents and argue for a central role of Mt in basic cellular zinc metabolism, namely, in the constitution of holo-Zn-metalloproteins. A direct extension of this idea is that the binding of Cd to basal-Mt, below levels of exposure which induce extra Mt, may hinder the normal activity of this protein in ligand exchange chemistry [reaction (3) ]. This possibility will be explored below.
The finding that metallothionein exists in a variety of mammalian tissues in the absence of heavy metal exposure or other obvious stimuli can be extended to nonmammalian species as well. Table 3 lists organisms which appear to have metallothionein or metal-binding protein prior to cadmium exposure. Some authors did not examine the unexposed organism for binding protein, so it is likely that this list may grow. Nevertheless, the presence of BP in a number of systems again raises the question of its normal function in cells. In the crab, for example, a CuBP has been characterized, which can serve as a donor of Cu to apohemocyanin. One may also ask, therefore, whether the binding of toxic metals such as Cd affects its normal activities.
Chemical Properties of Cd7-Mt
The remarkable cellular property of Cd-Mt is that in mammalian tissues Mt so efficiently competes with other sites to bind a great majority of the Cd. To what features of its chemistry can this be attributed? Recent studies of its thermodynamic and kinetic properties have shown that there are two kinetic classes of metals in ligand substitution reactions of Cd7-Mt with some small ligands such as nitrilotriacetate and bis(thiosemicarbazones):
The classes may be the structural clusters, which behave as cooperative units. The average apparent stability constant for each of the seven Cd ions distributed among two metal clusters is about 1015 at 25°C and pH 7.4, some three orders of magnitude larger than that for Zn binding to Mt (8) . In an earlier study Cd7-Mt was shown to be inert in reaction with EDTA (21), but a current investigation showed that both nitrilotriacetate (NTA) and 3-ethoxy-2-oxobutyraldehyde bis(N4-dimethylthiosemicarbazone) were much more reactive (22) . Hence, it is probably the thermodynamic stability of Cd-Mt not its kinetic unreactivity which prevents a wider distribution of Cd within cells. When the properties of mammalian Cd-Mt and nonmammalian Cd-binding proteins are compared using data presented at the conference, one appreciates immediately that the relative uniformity of mammalian metallothionein gives way to a remarkable diversity of proteins (Table 4 ). The structural relationship of such proteins to (Table 5 ). In particular, mushroom-mycophosphatin, whelk CdBP, and the binding proteins from oyster and Euglena gracilis appear to bind Cd much less tightly than metallothionein. Stability constants of 107 at pH 7 were reported, which would seem to be too small to prevent a wide distribution of Cd among components of cells. This is a provocative finding, which, if supported in future studies, will require researchers to reconsider the roles of these binding proteins within the cellular milieu. It is already known that the half-time of biodegradation of Cd,Zn-Mt in rat liver is several times larger than that for excess . This suggests that the mixedmetal protein differs markedly for homogenous Zn7-Mt, despite the probable identity of their cluster structures (31). Indeed, the metal clusters seem to act cooperatively in metal-binding and ligand exchange reactions (8, 21, 22) . Thus, mixed-metal clusters may react cooperatively and do so with different thermodynamics or kinetics than observed with either Cd7-or Zn7-Mt with respect to zinc bound to the protein. Studies are in progress to test these ideas.
The thrust of this workshop paper is to stress that to understand the basis of Cd-toxicity in an organism or cell, there must be a broad inquiry with the chemistry and biochemistry of Mt and other Cd-binding proteins. Indeed, in many nonmammalian systems, the binding of Cd to cellular sites besides Mt or BP seems more prominent than in mammals (Table 2) . Until one defines the normal function of these various sites and how they are modified by the presence of Cd in cells, the biochemical basis of cadmium toxicity will remain elusive.
Special Problems in the Study of Nonmammalian Organisms
In addition to the biochemical considerations noted above, there are a number of other biological and nonbiological factors which are known to influence strongly cellular metal binding patterns and toxicity in nonmammalian organisms to a greater extent than observed in mammals. Normal seasonal processes such as changes in water temperature, pH, salinity, reproductive and molting cycles have all been shown to change markedly the molecular binding patterns of metals in nonmammalian species. These physiological stresses which are not encountered in mammals need to be carefully considered in evaluating expected results of metal exposure studies conducted on these organisms at different times of the year. Another biological difference that should also be considered is the fact that many nonmammalian organisms have numerous discrete developmental stages which may be differently sensitive to metal toxicity, to a greater extent than mammals. The overall point to the above is that the basic biology of nonmammalian organisms may influence metal-binding patterns and toxicity to a much greater extent than usually observed in mammals. An investigator working with metal-binding proteins in these species must hence not make assumptions about the biochemistry or biological roles of these molecules based on the mammalian literature.
